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摘  要 
研究论文内容分为 4 章：第 1 章介绍了砷（As）、锑（Sb）、铋（Bi）、锗（Ge）、
锡（Sn）和汞（Hg）六种元素的环境地球化学特征，总结了常用的分析测定方
法，对 As、Sb、Bi、Ge、Sn 和 Hg 等六种元素的研究进展进行了概述。 
第 2 章建立了化学蒸汽发生（CVG）与电感耦合等离子体质谱（ICP-MS）
联用同时测定 As、Sb、Bi、Ge、Sn 和 Hg 的方法。将 CVG 与灵敏度高的检测
器 ICP-MS 联用，克服了海水盐度高、待测元素浓度低等特点对分析方法的限制，
建立了同时测定近岸及河口海水中痕量 As、Sb、Bi、Ge、Sn 和 Hg 等元素的方
法。研究了 CVG 过程中 KBH4、盐酸和硫脲浓度，以及样品流速、载气流量、
海水样品盐度等对方法分析性能的影响。结果表明，在 0.70%（V/V）盐酸、0.10 
g/L 硫脲、10.0 g/L KBH4、载气 0.40 L/min 条件下，六种待测元素的信噪比 高。
优化实验条件下，方法的相对标准偏差（RSD）为 3.9%（Ge）～8.9%（Sn）（0.10 
μg/L，n =5），标准加入回收率为 89.0%（Sn）～112.1%（Sb）；方法的流程空白
为 0.012 μg/L（As）～0.036 μg/L（Sn），检出限（LODs，10σ）在 0.0067 μg/L
（As）～0.026 μg/L（Sn）之间，可满足近岸及河口海水样品中痕量元素测定的
需要。 
第 3 章通过对九龙江口表层海水的分析实现了第 2 章建立的方法的实际应
用。将建立的多元素同时测定的 CVG-ICP-MS 的方法应用于实际样品，对九龙
江口的 16 个表层海水样品进行了 As、Sb、Bi、Ge、Sn 和 Hg 等元素的测定。除
Hg 的空白较高外，其他元素的测定结果均与文献报道相符。As 的浓度在 0.101～
0.196 μg/L 之间，Sb 的浓度在 0.017～0.037 μg/L 之间， Ge 的浓度在 0.009～0.033 
μg/L 之间，Hg 的浓度在 0.071～0.495 μg/L 之间，Sn 的浓度在 ND～0.047 μg/L
之间，所有样品中均未检出 Bi 元素。考查了九龙江口 As、Sb、Bi、Ge、Sn 和
Hg 等元素的分布特征，并分析了其影响因素。结果表明，除 Hg 的空白较高外，
其他元素的测定结果与文献报道相符。其中，河口向海洋方向，As 和 Sb 的含量
随盐度的增大而增加，发生了添加过程。颗粒物的解析、有机质分解等可能导致


















盐度之间没有明显的规律性。大部分站位 Bi 的浓度检出浓度很低。 



















The thesis contains four chapters. The first part is a summary of the background 
information on As, Sb, Bi, Ge, Sn and Hg research, including the environmental 
characteristics and analysis method. The second and third parts of this work are to 
design a rapid and accurate procedure to measure trace level of As, Sb, Bi, Ge, Sn, 
and Hg in coastal and estuarine seawater and to apply it in Jiulongjiang estuary. 
Finally, it is the conclusion of this work and the prospects for further investigate of 
this study.  
A method was developed for accurate measurement of trace level of As, Sb, Bi, 
Ge, Sn, and Hg in coastal and estuarine seawater with chemical vapor generation 
(CVG) and inductively coupled plasma mass spectrometry (ICP - MS). The effects of 
operating parameters, including the concentration of KBH4, HCl, and thiourea, the 
pump flow rate, and the carrier gas flow rate on the analytical performance were 
studied. The results showed that all the analysed elements obtained good signal to 
noise ratios when 0.70% (V/V) HCl, 0.10 g/L thiourea, 10.0 g/L KBH4, and 0.4 L/min 
carrier gas were used in the CVG procedure. The precisions of developed method 
with relative standard deviation (RSDs) were in the range of 3.9% (Ge) ~ 8.9% (Sn) 
(0.10 μg/L, n =5). The standard added recoveries with seawater samples were between 
89.0% (Sn) and 112.1% (Sb). The method blank was in the range of 0.012 μg/L (As) 
and 0.036 μg/L (Sn). Limits of detection (LODs, 10σ) for developed method were 
obtained between 0.0067 μg/L (As) and 0.026 μg/L (Sn). The method could be 
applied to simultaneously determine As, Sb, Bi, Ge, Sn, and Hg in coastal and 
estuarine seawater.  
The developed CVG-ICP-MS was applied to measure the true samples. The 
concentration of As, Sb, Bi, Ge, Sn and Hg in Jiulongiang Estuary surface seawater 
was analyzed. Results of these elements were all in accordance with that of literature, 
except of Hg. The concentration of As, Sb, Ge, Hg, Sn and Bi were respectively in the 
range of 0.10 ~ 0.196 μg/L, 0.017 ~ 0.037 μg/L, ND ~ 0.009 μg/L, 0.009 ~ 0.033 















factors were also analized. The results showed that the dissolved As, and Sb of surface 
seawater in Jiulongjiang Estuary increased with the higher salinity. The processes of 
desorption of particulate, the decomposition of organic matter, the suspending of 
sediment can make the element transform from granule state to dissolved state. The 
concentration of dissolved Ge and Hg has the negative correlation with salinity. This 
could be influenced by the geochemical processes of colloid flocculation, absorption 
on suspended material surface, precipitation, biological activities and so on. The 
concentrations of Sn in Jiulongjiang Estuary surface seawater were at ng/L level and 
the correlation was not apparent between its amouts and salinity.In most samples, the 
concentration of Bi was very low. The correlation between its amouts and salinity was 
not obvious.  
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缩略词 英文 中文 
CVG Chemical Vapor Generation 化学蒸汽发生 
FIA Flow Injection Analysis 流动注射分析 
SPE Solid Phase Extraction 固相萃取 
CE Capillary Electrophoresis 毛细管电泳 
ICP-MS Inductively Coupled Plasma Mass Spectrometry 电感耦合等离子体质谱 
ICP-AES 









AFS Atomic Fluorescence Spectrometry 原子荧光光谱 
AAS Atomic Absorption Spectroscopy 原子吸收光谱 
HG Hydride Generation 氢化物发生 
GF Graphite Furnace 石墨炉 
ETV Electrothermal Vaporization 电热蒸汽发生 
GC Gas Chromatography 气相色谱 
IC Ion Chromatography 离子色谱 
HPLC High Performance Liquid Chromatography 高效液相色谱 
USEPA U. S. Environmental Protection Agency 美国环境保护署 
ADI Acceptable Daily Intake 每日容许摄入量 
PET Polyethylene Terephthalate 聚对苯二甲酸乙二醇酯 
DDTP Dithiophosphoric Acid O,O-diethyl Ester 二硫代磷酸二乙酯 
TrPhT Tetraphenyl Tin 四苯基锡 
TrET Tetraethyl Tin 四乙基锡 
TrBT Tetrabutyl Tin 四丁基锡 
RSD Relative standard deviation 相对标准偏差 



























本研究工作选择 As、Sb、Bi、Ge、Sn 和 Hg 为目标元素，建立了多元素同时分
析测定的方法。对于 As、Hg 和 Sn 来说，已经得到广泛关注和研究。然而，由
于生态效应研究不深入或者海水中浓度很低等原因，Sb、Bi 和 Ge 在海水中的浓
度、分布等并未引起人们的重视。将本文建立的 CVG-ICP-MS 方法用于分析测
定九龙江口表层海水，实现了方法的实际应用。分析了九龙江口表层海水 As、
Sb、Bi、Ge、Sn 和 Hg 等元素的分布特征，以期对其生物地球化学循环的研究
做出贡献。 














































中美国 1999 年消耗量为 36, 480 吨，不同用途所占比例分别为：阻燃剂 55%，交
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